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Influenza Virus-Specific RNA and Protein Syntheses in Cells
Infected with Temperature-Sensitive Mutants Defective in the

Genome Segment Encoding Nonstructural Proteins
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Addenbrooke’s Hospital, Cambridge, England

Virus-specific protein and RNA syntheses have been analyzed in chicken
embryo fibroblast cells infected with two group IV temperature-sensitive (ts)
mutants of influenza A (fowl plague) virus in which the ¢s lesion maps in RNA
segment 8 (J. W. Almond, D. McGeoch, and R. D. Barry, Virology 92:416-427,
1979), known to code for two nonstructural proteins, NS, and NS,. Both mutants
induced the synthesis of similar amounts of all the early virus-specific proteins
(P1, P2, P;, NP, and NS,) at temperatures that were either permissive (34°C) or
nonpermissive (40.5°C) for replication. However, the synthesis of M protein,
which normally accumulates late in infection, was greatly reduced in ¢s mutant-
infected cells at 40.5°C compared to 34°C. The NS, protein was not detected at
either temperature in cells infected with one mutant (mN3), and was detected
only at the permissive temperature in cells infected with mutant ¢s47. There was
no overall reduction in polyadenylated (A*) complementary RNA, which func-
tions as mRNA, in cells infected with these mutants at 40.5°C compared to 34°C,
nor was there any evidence of selective accumulation of this type of RNA within
the nucleus at the nonpermissive temperature. No significant differences in s
mutant virion RNA transcriptase activity were detected by assays in vitro at 31
and 40.5°C compared to wild-type virus. Virus-specific non-polyadenylated (A—)
complementary RNA, which is believed to act as the template for new virion
RNA production, accumulated normally in cells at both 34 and 40.5°C, but at
40.5°C accumulation of new virion RNA was reduced by greater than 90% when

compared to accumulation at 34°C.

The influenza virus genome consists of eight
segments of negative-stranded RNA (4) which
contain the information for seven structural
polypeptides and two nonstructural polypep-
tides, NS, and NS, (7, 11-14, 17-19, 33).

At present, little is known concerning the
functions of the nonstructural polypeptides in
the virus replication cycle. NS; (molecular
weight 23,000) is synthesized early in infection
(33) and migrates into the host cell nucleus (15,
16, 19, 36), although very late in the replication
cycle this protein accumulates in the cytoplasm
in the form of electron-dense inclusions (26, 31).
NS (molecular weight 11,000) is synthesized
only late in infection and remains in the cyto-
plasm (18, 20a). Both proteins are encoded by
the smallest genome RNA segment (11, 17).

Several groups of workers have isolated tem-
perature-sensitive (¢s) mutants of the influenza
viruses and have used these mutants to elucidate
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the functions of the virus structural polypeptides
(20, 23, 27-30, 32, 34, 35, 38). Recently two ts
mutants with a lesion in RNA segment 8 were
isolated and characterized genetically (1, 2; J.
W. Almond, Ph.D. thesis, University of Cam-
bridge, Cambridge, England, 1977). We have
begun to investigate the phenotype of these
mutants by a study of the synthesis of virus-
specific RNA and proteins in mutant virus-in-
fected cells. Three types of virus-specific RNA
are normally induced in influenza virus-infected
cells (4, 9, 10, 37). One type (polyadenylated
[A(+)] complementary RNA[cRNA])) is capped
and polyadenylated, and consists of incomplete
transcripts of the genome RNAs which function
as mRNA’s during replication. A second type
[A(~) cRNA] consists of full-length non-poly-
adenylated transcripts of the genome RNAs
which are presumed to be the templates for
RNA replication. The third type consists of non-
polyadenylated progeny virion RNAs (VRNA'’s).
Our results indicate that at the nonpermissive
temperature, both mutants induce the synthesis
of the two types of cRNA as well as early virus-
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specific polypeptides, but are defective in late
virus-specific protein synthesis and fail to induce
the synthesis of new VRNA’s.

MATERIALS AND METHODS

Viruses and cells. Propagation and assay of the
wild-type virus were as described previously (5). The
two group IV ¢s mutants, mN3 and ts47 (2), were
propagated in fertile hen’s eggs which were incubated
for 42 h at 34°C. The viruses were plaque-purified
before use, and the temperature sensitivity was
checked by plaquing at the permissive (34°C) and
nonpermissive (40.5°C) temperatures on primary
chicken embryo fibroblast (CEF) cells as previously
described (2).

Infection of cells. Confluent CEF monolayers were
equilibrated for 1 h at either 34 or 40.5°C. Infections
at 40.5°C were maintained at this temperature by
immersing the bottles of cells in a Grant SP3 water
bath. The medium was removed, and the cells were
washed with prewarmed phosphate-buffered saline
and overlaid with virus suspension in allantoic fluid
equilibrated to the appropriate temperature and di-
luted so as to provide approximately 3 PFU/cell. Ad-
sorption was for 30 min at 34 or 40.5°C, after which
the virus was removed, and the cells were washed with
phosphate-buffered saline and overlaid with pre-
warmed maintenance medium (199 plus 2% calf se-
rum).

Infected-cell RNA and proteins. Infected-cell
RNA was prepared, and the virus-specific RNA con-
tent was determined, as described previously (3). Syn-
thesis of infected-cell polypeptides was examined by
labeling with [**S]methionine and electrophoresis on
15% polyacrylamide gels as described by Inglis et al.
(12).

Virus purification. Virus strains, grown in the
allantoic sacs of fertile hen’s eggs as described above,
were purified as previously described (12). The final
virus pellet was suspended in 0.1 M NaCl-0.01 M Tris-
hydrochloride (pH 7.4)-50% glycerol and stored at
-20°C.

Assay of influenza virus RNA-dependent RNA
polymerase. The polymerase assay procedure was
based on that of McGeoch and Kitron (24). The re-
action mixture contained 50 mM Tris-hydrochloride
(pH 8.2), 150 mM KCl, 8 mM MgCl,, 5 mM dithio-
threitol, 0.5% Nonidet P-40, 2 mM ATP, 0.4 mM CTP,
0.4 mM [°*HJUTP, 0.2 mM GTP, 0.3 mM adenylyl (3'-
5’)guanosine (ApG), and virus to a concentration of
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0.5 to 1 mg of protein per ml. Reactions were carried
out at either 31 or 40.5°C.

RESULTS

Temperature-shift experiments with mu-
tants mN3 and ¢s47. Cells were infected with
either mutant mN3 or ts47 at 34°C, and at
various subsequent times the cells were shifted
to 40.5°C. The virus yield at 12 h from the time
of infection was measured by plaque assay (Ta-
ble 1). The results show that virus growth was
inhibited when cells were shifted to 40.5°C at
any time up to 3 h postinfection (p.i.) in the case
of ts47 and 4 h p.i. in the case of mN3. Shift-up
at later times did not significantly inhibit virus
yield (see Table 1). These results suggest that
the temperature-sensitive function is required
during the first 3 h (£s47) or 4 h (mN3) after
infection.

Protein synthesis in infected cells. CEF
cells were infected with the group IV s mutants
mN3 or ¢s47 (1, 2; Almond, Ph.D. thesis) at both
the permissive (34°C) and nonpermissive tem-
perature (40.5°C) and pulse-labeled for 30 min
with [**S]methionine at 2, 4, and 6 h p.i. At 34°C
the normal switch from an early (2 h) to a late
(4 h) pattern of protein synthesis characteristic
of wild-type infections (12) was seen with both
mutants. A late protein pattern is characterized
by the appearance of large amounts of hemag-
glutinin (HA) and matrix (M) proteins (mN3,
compare tracks 4, 5, and 6, Fig. 1a; ts47, cf. tracks
5, 6, and 7, Fig. 1b). At 40.5°C the amount of M
protein synthesis never exceeded that of NS,
protein, and protein synthesis was held at a stage
corresponding to early secondary transcription
(13) even as late as 6 h p.i. (mN3, cf. tracks 1, 2,
and 3 with tracks 4, 5, and 6, Fig. la; ts47, cf.
tracks 2, 3, and 4 with tracks 5, 6, and 7, Fig. 1b).
NS; protein was only detected at the permissive
temperature in cells infected with ¢s47 (Fig. 1b,
track 7). The identity of the NS, protein induced
by mutant ¢s47 was confirmed by comparison of
its migration with authentic NS, protein synthe-
sized by in vitro translation of mRNA in a wheat
germ cell-free system (11). In cells infected with
mutant mN3, no protein migrating in the posi-

TABLE 1. Effect of temperature shift-up on virus yield from cells infected with group IV influenza virus

mutants®
Time of shift to 40.5°C:
Mutant
Oh 1h 15h 25h 30h 40h 60h Not shifted
mN3 25x10° 40x10* 7.7x10° 44x10° 54x10° 36x10° 13X 10° 9.1 x 10°
ts47 42%10° 20x10° 11x10° 19x10° 19x10° 69x10° 13x10’ 3.9 x 107

@ The virus yield in the medium 12 h after infection was determined by plaque assay at 34°C on CEF cells as

described previously (5).
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FiG. 1. Synthesis of polypeptides in group IV mutant virus-infected CEF cells. Cells were labeled with
[*S]methionine for 30 min at various times after infection, inmediately before harvesting. Whole-cell lysates
were subjected to polyacrylamide gel electrophoresis and processed for autoradiography as described by
Inglis et al. (12). Equal fractions of cell lysate were loaded onto each track. (a) mN3-infected cells. Tracks 1
to 3, 40.5°C, at 2, 4, and 6 h p.i., respectively; tracks 4 to 6, 34°C, at 2, 4, and 6 h p.i., respectively. (b) ts47-
infected cells. Track 1, uninfected cells; tracks 2 to 4, 40.5°C, at 2, 4, and 6 h, p.i., respectively; tracks 5 to 7,

34°C, at 2, 4, and 6 h p.i., respectively.

tion of NS, could be detected, even at the per-
missive temperature, despite repeated attempts
using long periods of exposure to film. If the
protein is synthesized in response to mN3 infec-
tion, it cannot be detected using our labeling
conditions.

Accumulation of virus-specific polyade-
nylated RNA in infected cells. The total
amounts of virus-specific A(+) cRNA were
measured in cells infected with the two group IV
mutant viruses at both 34 and 40.5°C (Table 2).
Both virus mutants synthesized A(+) cRNA at
the nonpermissive temperature. In each case,
from 2.5 h after infection, the amount of virus-
specific A(+) cRNA in the cytoplasm was higher
at 40.5°C than at 34°C. In the nucleus the
amount of A(+) cRNA was similar at both tem-
peratures at all times analyzed (Table 2).

Accumulation of vRNA and A(-) cRNA
in infected cells. The virus-specific RNA pres-
ent in the A(—) fraction of RNA extracted from

cells infected with mN3 at 34 and 40.5°C was
examined by hybridization to *H-labeled com-
plementary DNA and ['*I]vRNA as described
previously (3). The accumulation of vRNA and
of A(-~) cRNA in infected cell nuclei and cyto-
plasm at both 34 and 40.5°C is shown in Fig. 2.
The pattern of RNA accumulation during infec-
tion with mN3 at 34°C was similar to that found
with wild-type virus (3) in that accumulation of
A(—) cRNA occurred before that of vRNA. Sig-
nificant amounts of A(—) cRNA and of vRNA
were found in both nucleus and cytoplasm, al-
though there was a decline in the amount of
vRNA found in the nucleus at 6 h p.i.

The amount of A(—) cRNA present in the
cytoplasm was greater at 40.5°C than at 34°C
up to 4 h p.i. (Fig. 2b), although the amount
present in the nucleus was less (Fig. 2a). From
2.5 h p.i. at 40.5°C there was little further accu-
mulation of cRNA, any increase being associated
with the nucleus rather than the cytoplasm.
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There was little or no detectable accumulation
of vRNA in cells infected at 40.5°C with this
mutant (Fig. 2¢ and d).

When the RNA content of cells infected with
the other group IV mutant, ¢s47, was analyzed
in the same way, broadly similar results were
obtained, in that A(+) and A(—) cRNA’s were
produced in approximately normal amounts, but
accumulation of vVRNA was reduced more than
10-fold at 40.5°C (Table 3).

In vitro transcriptase activity of group
IV mutants. The in vitro transcriptase activi-
ties of purified ¢s47 and mN3 viruses were as-
sayed at 31 and 40.5°C and compared to that of
wild-type virus. In all cases the activity at 40.5°C
was lower than that at 31°C; this is not surpris-
ing, since 31°C is the optimal temperature for
this reaction. However, the ratios of the in vitro
transcriptase activities of the mutant viruses at
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the two temperatures were not significantly dif-
ferent from that of the parental wild type (Fig.
3).

DISCUSSION

During infection of cells at the nonpermissive
temperature (40.5°C), both the influenza virus
mutants studied were capable of inducing early
virus-specific RNA and proteins in amounts sim-
ilar to those detected at the permissive temper-
ature (34°C) or during normal infection at 37°C
with wild-type virus (3, 12, 13). Since the nucleus
has been implicated as the site of cRNA synthe-
sis (3, 10, 22, 37), we measured the amounts of
both A(+) and A(—) cRNA in the nucleus as
well as in the cytoplasm. However, no significant
differences were observed in the amounts of

I a
TABLE 2. Estimation of the amount of A(+) cRNA b
in cells infected with group IV mutants of fowl 2. L
plague virus at both permissive and nonpermissive
temperatures®
1. L
Incuba-  cRNA at time pi. (h): To Ly
Cell tion -
. Mutant =
fraction temp « : R s
°C) 10 25 4.0 4.5 6.0 u:‘ 0 o L
Q .
Cyto- mN3 34 2% 553 780 — 1114 o 3 d
plasm ts47 — 390 — 1,417 . z
k4
mN3 405 32 — 1616 — 2214 & 2?f
ts47 — 441 — 1,735 —
‘ -
Nucleus mN3 34 8 256 498 — 482
1547 — 156 — 397 — F—;—A‘Q g o
[ 2 4 6 o 2 4 6
mN3 40.5 34 283 597 — 329 HOURS POST-INFECTION
ts47 — 55 — 294 —

® The polyadenylated RNA fraction was isolated from cells
infected with group IV mutants of fowl plague virus both at
the permissive (34°C) and nonpermissive (40.5°C) tempera-
tures. The amount of virus-specific RNA was determined by
hybridization to '*I-labeled fowl plague virus vRNA as de-
scribed by Barrett et al. (3). Values are expressed as nano-
grams of virus-specific A(+) cRNA per microgram of total
RNA in the extracted cell fraction. —, Not tested.

FiG. 2. Estimation of the number of genome copies
of A(—~) cRNA and vRNA in the non-polyadenylated
RNA fraction from the nucleus and cytoplasm of mN3
virus-infected cells. (O) 34°C; (@) 40.5°C. (a) A(-)
c¢RNA nucleus; (b) A(—) cRNA cytoplasm; (c) vRNA
nucleus; (d) vRNA cytoplasm. Amounts of A(—) cRNA
and vRNA were determined as described by Barrett
et al. (3).

TABLE 3. Accumulation of non-polyadenylated virus-specific RNA in CEF cells infected with ts47°

Genome copies per cell fraction:

Temp Time p.i.
©C) ) Nucleus Cytoplasm Total
A(-) cRNA vRNA A(-) cRNA vRNA A(—) cRNA vRNA
34 25 1,090 540 1,250 530 2,340 1,070
40.5 25 590 350 1,250 310 1,840 660
34 45 460 330 3,870 5,280 4,330 5,610
40.5 45 370 200 720 160 1,090 360

% The non-polyadenylated RNA fraction was isolated from cells infected with group IV mutants of fowl plague
virus both at the permissive (34°C) and nonpermissive (40.5°C) temperatures. The amount of virus-specific
RNA of both positive and negative polarities was determined by hybridization to '*I-labeled vRNA and a *H-
labeled complementary DNA copy of vRNA as described by Barrett et al. (3).
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Fic. 3. Time course of [*HJUTP incorporation
into RNA by purified wild-type virus and group IV
mutant viruses at 31 and 40.5°C. The assay was based
on that of McGeoch and Kitron (24). Each reaction
contained 50 mM Tris-hydrochloride (pH 8.2), 150
mM KCl, 8 mM MgCl,, 5 mM dithiothreitol, 0.5%
Nonidet P-40,2mM ATP, 0.4 mM CTP, 0.4 mM GTP,
0.4 mM [*HJUTP, 0.3 mM ApG, and virus to a con-
centration of 0.5 to 1 mg of protein per ml. (O) 31°C;
(@) 40.5°C.

A(+) cRNA present in nuclei of £s mutant-in-
fected cells at 40.5°C compared to 34°C. Since
the amounts of A(+) cRNA detected in the
cytoplasmic fraction were higher at 40.5°C than
at 34°C, there does not appear to be any block
to transport of A(+) cRNA from nucleus to
cytoplasm with these mutants.

We have previously shown that accumulation
of new VRNA in influenza virus-infected cells
begins at about 2 h p.i. (3). No such accumula-
tion was detectable in the s mutant virus-in-
fected cells at the nonpermissive temperature.
Accumulation of non-polyadenylated cRNA,
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which is mainly an early event in replication,
occurred with both mutants at the nonpermis-
sive temperature (3, 9). These results demon-
strate that normal amounts of A(—) cRNA can
be synthesized in the virtual absence of new
vRNA synthesis, and so it is probable that the
principal template for A(—) cRNA synthesis is
input (infecting) vRNA. Since template cRNA
is present in mutant virus-infected cells at the
nonpermissive temperature, it is possible that
one or both nonstructural proteins could play an
essential role in the replicase complex. However,
in addition to the block to VRNA synthesis,
infection with these mutants at the nonpermis-
sive temperature was characterized by the ab-
sence of the third (late) phase of virus-specific
protein synthesis (13). The ratio of M to NS,
polypeptides was greatly reduced at 40.5°C com-
pared to 34°C in mutant virus-infected cells. We
have previously found that during infection with
wild-type influenza virus the switch to late pro-
tein synthesis occurs normally, though some-
what earlier, at 40.5°C compared to 34 or 37°C
(unpublished data). This suggests that one or
both NS proteins may play a role in the control
of virus RNA transcription. If so, one of the late
virus proteins (possibly M), rather than the non-
structural protein(s), may be directly involved
in the switch from transcription to replication.
Consistent with this possibility, shift-up to the
nonpermissive temperature at 3 h p.i. (¢s47) or
4 h p.i. (mN3), when normal amounts of late
proteins were being produced, did not signifi-
cantly affect the final virus yield. We have found
a similar block to vRNA synthesis in a number
of different experimental situations in which in-
fluenza virus late protein synthesis is inhibited
(D. J. Briedis and B. W. J. Mahy, unpublished
data).

A block to late virus-specific protein synthesis
has, for example, been found in infection of cells
in the presence of DNA function inhibitors such
as actinomycin D or UV light (13, 21, 25) and in
nonpermissive infections (6, 20a, 39). In the case
of actinomycin D, there is evidence for a block
in the transport of virus-specific A(+) cRNA
from nucleus to cytoplasm (3, 22, 37), and accu-
mulation of virus ribonucleoprotein has been
found in nonpermissive infection (8). The intra-
cellular distribution of virus-specific RNAs in
cells infected with group IV mutants at 40.5°C
gave no evidence for a similar hold-up of RNA
in the nucleus.

The transcriptase activities of the group IV
mutants were measured at 31 and 40.5°C to
determine whether the virion polymerase was
temperature sensitive in vitro, since Lamb et al.
(18) reported that the NS, protein is associated
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with the virus particle. Using the assay described
by McGeoch and Kitron (24), we could detect
no difference in temperature sensitivities with
either mutant compared to wild-type virus under
the conditions used.

Since both the influenza virus-induced non-
structural proteins are encoded in RNA segment
8 (11, 17), and the two genes may overlap, the
temperature sensitivity of group IV mutants
may reflect a defect in either of the proteins NS,
or NS; or both. NS, (molecular weight 23,000) is
synthesized early in infection (12, 33) and has
been found associated with the nucleus (15, 19)
and the nucleolus (16, 36). NS,, on the other
hand, is synthesized late in infection and is en-
tirely cytoplasmic in location (18; 20a). Mutant
ts47 induces the synthesis, at either permissive
or nonpermissive temperature, of an NS, protein
of reduced molecular weight (approximately
20,000) and induces the synthesis of NS, protein
at 34°C but not at 40.5°C. Mutant mN3, on the
other hand, induces the synthesis of NS, protein
of normal molecular weight at either tempera-
ture, but the synthesis of NS, was not detected
in our experiments even at 34°C. Since NS,
protein is synthesized only late in normal infec-
tions, the fact that it cannot be detected with
either mutant during infection at the nonper-
missive temperature may merely reflect a gen-
eral block to late protein and vRNA synthesis
caused by a functional defect in the NS, protein.
At present the available evidence is insufficient
to decide which is the defective gene product in
the mutants we have studied.
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